DNA repair is the first barrier in the defense against genotoxic stress. In recent years, mechanisms that recognize DNA damage and activate DNA repair functions through transcriptional upregulation and posttranslational modification were the focus of intensive research. Most DNA repair pathways are complex, involving many proteins working in discrete consecutive steps. Therefore, their balanced expression is important for avoiding erroneous repair that might result from excessive base removal and DNA cleavage. Amelioration of DNA repair requires both a finetuned system of lesion recognition and transcription factors that regulate repair genes in a balanced way. Transcriptional upregulation of DNA repair genes by genotoxic stress is counteracted by DNA damage that blocks transcription. Therefore, induction of DNA repair resulting in an adaptive response is only visible through a narrow window of dose. Here, we review transcriptional regulation of DNA repair genes in normal and cancer cells and describe mechanisms of promoter activation following genotoxic exposures through environmental carcinogens and anticancer drugs. The data available to date indicate that 25 DNA repair genes are subject to regulation following genotoxic stress in rodent and human cells, but for only a few of them, the data are solid as to the mechanism, homeostatic regulation and involvement in an adaptive response to genotoxic stress.
INTRODUCTION
Genotoxic agents cause DNA damage that, if not repaired, results in chromosomal changes, gene mutations, cancer formation or cell death. To counteract the disastrous effects of genotoxic stress, cells have evolved sophisticated DNA repair mechanisms that remove or tolerate DNA lesions and thus maintain genomic stability. More than 130 different DNA repair proteins have been identified, and their role in DNA repair has been elucidated in great detail (1) . Most of the DNA repair mechanisms comprise nucleases, which by themselves represent a danger to the genome. Therefore, DNA repair has to be tightly regulated in unexposed cells and, in case of genotoxic insults, has to be appropriately activated. The first discovered example of an inducible repair system is the SOS response of Escherichia coli (2) , in which on DNA damage various nucleotide excision repair (NER) genes (uvrA, uvrB, uvrD) and translesion polymerases (umuD and umuC) become simultaneously upregulated. Subsequently, again in E. coli, the adaptive response was discovered (3, 4) and mechanistically resolved by showing that it results from activation of the ada gene that encodes the inducible Ada alkyltransferase, which acts both as a repair protein and transcriptional activator (5) (6) (7) .
In mammalian cells, regulation of DNA repair mechanisms is controlled at multiple levels. These include posttranslational modification by acetylation, phoshorylation, ubiquitination and sumoylation, as well as the control by histone modification. The synthesis of repair proteins and the corresponding mRNAs is strictly regulated. Activation by genotoxin-induced DNA damage has been reported for 25 repair genes (July 2013) ( Table 1) . Their induction involves multiple players of the DNA damage response such as ataxia telangiectasia mutated (ATM), ATM and Rad3 related (ATR) and PARP1 as well as key transcription factors ( Figure 1A ). In this review, we focus on the transcriptional regulation of DNA repair genes and highlight the available data concerning DNA damage triggered promoter activation and its role in cellular protection and adaptation against genotoxic stress.
DNA damage-triggered activation of kinases and transcription factors involved in the regulation of DNA repair genes Genotoxic stress-triggered PI3 kinases Transcriptional regulation of genes is dependent on the activation of transcription factors and their binding to the promoter region of a given gene. The activation of transcription factors following genotoxic stress results from activation of the DNA damage response (DDR). In this pathway, the most important sensors of DNA damage, notably DNA double-strand breaks (DSB) and replication blocking lesions, are the phosphatidylinositol-3-kinases ATM and ATR. They are at the heart of the DDR and are activated within minutes after exposure of mammalian cells to genotoxins [for review see (73, 74) ]. In brief, activation of ATM requires the MRN complex consisting of MRE11, NBS1 and RAD50 that triggers ATM autophosphorylation. Phosphorylation of ATM occurs at Ser1981 (75) , leading to dissociation of inactive ATM dimers to active monomers. ATM monomerization requires the interaction with the MRN complex and single-stranded DNA (ssDNA) (76) . MRN by itself recognizes and migrates to DSBs induced by ionizing radiation (77) and to ssDNA on replication blockage (78) and remains at the site of DNA damage. In the absence of the MRN complex, the autophosphorylation ability of ATM is reduced (79) , and ATM is not recruited to the DSB (76) . ATR is activated following blockage of DNA polymerases and the formation of large stretches of ssDNA, which are generated through uncoupling of the MCM helicase from the replication fork and subsequent binding of replication protein A (RPA) to ssDNA (80) . RPA labelled ssDNA induces the recruitment of ATR complexed with ATRinteracting protein (ATRIP) and the 9-1-1 complex consisting of Rad9, Hus1 and Rad1 to the site of damage (81) . Rad9 interacts with TopBP1 (82) and recruits it to the stalled replication fork (83, 84) where it directly activates the ATR-ATRIP complex (85) . In addition, ATR becomes autophosphorylated on DNA damage at Thr1989, which was shown to be crucial for its activation (86) .
Following activation of ATM and ATR, both proteins phosphorylate and thereby activate multiple proteins involved in DNA repair, cell cycle control, apoptosis and autophagy. Among them are also proteins that serve as transcription factors. The most important transcription factors activated by the DDR pathway are p53, breast cancer-associated protein 1 (BRCA1), NF-kB and AP-1 ( Figure 1A ), which will be briefly described as to their mode of activation following genotoxic stress (summarized in Figure 1B ) before their role in repair gene regulation is being discussed.
Genotoxic stress-triggered NF-jB activation NF-kB represents a dimeric transcription factor composed of various homo-and hetero-dimers formed by the proteins RelA (p65), RelB, c-Rel, p50/p105 (NF-kB1) and p52/p100 (NF-kB2) (87, 88) . NF-kB is activated on multiple insults including anticancer drugs and ionizing radiation (89) . In unexposed cells, NF-kB is present in the cytoplasm owing to interaction with members of the inhibitory IkB family (IkBa, IkBb and IkBe) (90, 91) . Activation of NF-kB is mediated via proteosomal degradation of the inhibitory proteins and subsequent nuclear translocation ( Figure 1B) . Upon genotoxic stress, activation of NF-kB is provoked by the IkB-kinase (IKK) complex. The IKK complex consists of IKKa and IKKb, forming the catalytic subunit, and the regulatory subunit IKKg (NEMO). NEMO can shuttle between the nucleus and the cytoplasm. Upon genotoxic stress, it becomes modified by the DDR. Thus, it has been shown that PARP1 assembles ATM and the SUMO-1 ligase PIASy, which results in sumoylation followed by ATMmediated phosphorylation of NEMO (92, 93) . NEMO sumoylation is then replaced by Lys63-linked monoubiquitination, leading to the nuclear export of NEMO as a complex with ATM. In addition, ubiquitination of NEMO allows the recruitment of additional kinases, which phosphorylate IKKb in its activation loop at Ser177 and Ser181 (94). The activated IKK complex then phosphorylates IkBa on Ser32 and Ser36, which marks it for ubiquitination and proteasomal degradation, thereby releasing NF-kB. Activation of NF-kB can also occur independent of IKK. In this case, genotoxic stress activates CK2, which phosphorylates IkBa and targets it for degradation (95) .
Genotoxic stress-triggered p53 activation p53 is a sequence-specific transcription factor (96) that plays a major role in the regulation of DNA repair, apoptosis and cell cycle progression. p53 becomes activated on DNA replication arrest and DSB induced by chemical genotoxins and irradiation via the ATM/ATR pathway ( Figure 1B) . Thus, following DSB formation, ATM phosphorylates the checkpoint kinase-2 (CHK2) at Thr 68 (97, 98) while, following replication blockage, ATR phosphorylates CHK1 at Ser 345 (99, 100) . In turn, CHK2 and CHK1 phosphorylate p53 at Ser20, thereby activating it (101) . ATM and ATR can also directly phosphorylate p53 at Ser15, thereby increasing its transactivation activity (102, 103) . ATM/ATR also phosphorylate MDM2, which results in MDM2 degradation by ubiquitination and stabilization of the p53 protein (104) . As a consequence, the cellular amount of p53, its nuclear translocation and its DNA-binding activity all become enhanced and p53 target genes become transcriptionally activated.
Genotoxic stress-triggered BRCA1 activation Another transcription factor that interacts with p53 and shares common target genes is BRCA1. BRCA1 is implicated in the regulation of several cellular functions such as chromatin remodelling and DNA repair (105) . BRCA1 becomes phosphorylated and, in turn, activated by ATM and ATR (106, 107) and is involved in transcriptional activation of some DNA repair genes (see later in the text). BRCA1 was found to be associated with RNA polymerase II holoenzyme complex (108) , thus having an impact on transcription in vitro (109). Additionally, BRCA1 interacts with p53 and stimulates its transcriptional activity (110, 111) . A gene transcriptionally activated by BRCA1 is GADD45a, which is one of the first discovered genotoxic stress-inducible genes (112) . It was believed to be involved in DNA repair, but until now no evidence is available that GADD45a directly increases the activity of repair functions. GADD45a, however, activates MTK1/MEKK4 by binding to it (113, 114) . MTK1/MEKK4 is the major upstream regulatory kinase of MKK4 and MKK7 that control the activity of the stress-activated protein kinases/c-Jun-N-terminal kinases (SAPK/JNK) ( Figure 1B) . By activating this pathway, GADD45a may indirectly stimulate DNA repair via AP-1 triggered upregulation of repair genes.
Genotoxic stress-triggered AP-1 activation AP-1 consists of different dimeric complexes containing proteins of the Jun (c-Jun, JunB and JunD), Fos (c-Fos, FosB, Fra1, Fra2) and CREB/ATF (ATF1, ATF2) family, which can exert different specificities and functions (115) . Depending on the composition of the dimeric protein and the target sequence, AP-1 binds with different affinity to the AP-1 consensus sequence in the promoter, hereby regulating target genes with different strengths. Binding of Jun/Fos occurs mainly onto heptameric (TG AGTCA) sites, and Jun/ATF-2 binds to octameric CRE (cAMP response element) binding sites (TGACGTCA) (115) . Activation of AP-1 depends mainly on the MAPK (mitogen-activated protein kinase) pathway and is mediated via increased expression and post-translational activation of the AP-1 components. Stimulation of the MAPK cascade is either provoked by activated growth factor receptors, such as the epidermal growth factor (EGF) receptor (116, 117) , or by DNA damage which is dependent on the activated DDR. Thus, ATM-dependent activation of the Jun kinase (JNK) (118) (119) (120) (121) and ATRdependent activation of p38 kinase (p38K) have been reported (122) . On activation, JNK, ERK1/ERK2 (extracellular signal regulated kinase 1/2) and p38K phosphorylate and thereby stimulate the DNA binding and transactivating activity of AP-1 ( Figure 1B) . Several DNA repair genes harbour one or more functional AP-1 binding sites in their promoter and have been identified as targets of this DNA damage-triggered response ( Table 1 ).
Regulation of DNA repair genes by promoter activation
Upon genotoxic stress, transcription factors listed earlier in the text become activated, bind to a corresponding promoter, stimulate RNA polymerase II binding, assembly of transcription factors and finally mRNA synthesis (called gene activation following genotoxic stress or, briefly, 'gene induction'). In the following, we will describe the DNA repair genes (to our knowledge, 25 of $130 DNA repair genes) that were shown to be inducible on promoter level in mammalian cells following exposure to genotoxic agents. We should note that for some of the repair genes listed in Table 1 , evidence for induction was only provided in a single rodent or human cell line, which could not be confirmed in other lines. For some repair genes, conflicting data were reported, and for only a few of them data are solid and reproducible in rodent and human experimental systems. It is noteworthy that clear evidence for induction by genotoxic stress in the normal tissue of the human body is lacking for all repair genes. We should also note that in some studies, the regulation of repair genes was addressed in co-transfection experiments without the exposure to genotoxic stress. Thus, BRCA2 (123), Ku70 and Ku80 (124) were shown to be positively regulated by NF-kB, and Rad51 negatively regulated by p53 (125) . As it is unclear whether this artificial situation can be translated to genotoxin-exposed cells, these experiments will not be discussed further.
Single step repair by O 6 -methylguanine-DNA methyltransferase O 6 -methylguanine-DNA methyltransferase (MGMT), alias alkyltransferase, does not need cofactors or another 'helper' protein; it represents a one-step repair mechanism, which is responsible for the removal of alkyl groups from the O 6 -position of guanine and the O 4 -position of thymine [for recent review see (126)] (Figure 2A ). The question of induction of MGMT is highly important. First, if MGMT upregulation occurred, it would protect against O 6 -alkylating environmental and tobacco smoke carcinogens (127) . Second, it would have a high impact on cancer therapy, as tumours like glioblastoma and metastatic melanoma are treated with O 6 -alkylating agents (temozolomide, dacarbazine, chloroethylating nitrosoureas) against which MGMT offers protection. Notably, in glioma therapy, ionizing radiation is applied concomitantly with temozolomide (nearly daily for a period of 30 days, total 60 Gy). In addition, corticosteroids are administered to reduce oedema and inflammation. An upregulation of MGMT in tumour cells provoked either by temozolomide, ionizing radiation or corticosteroid treatment would render the therapy with O 6 -alkylating agents inefficient. Therefore, it is of upmost importance to understand how MGMT is regulated by genotoxic stress and also by non-genotoxic gene activators.
Transcriptional activation of MGMT was repeatedly shown in vitro in primary rat hepatocytes and in rat hepatoma cell lines on treatment with ultraviolet (UV)-C light, ionizing radiation or alkylating agents (31, 32) . It is a delayed and transient response giving rise to increased transcript levels 12-24 h after treatment, which result in a higher level of MGMT protein and repair activity. The level of induction correlated with the degree of differentiation of the lines and was especially high in rat H4IIE cells grown as spheroids (128) . Induction of MGMT was also observed in vivo in the rat liver (up to 20-fold) (33) and several organs of mice after ionising radiation (34) . While MGMT induction on genotoxic stress was shown conclusively in rodents, there is as yet no convincing evidence for human cells, despite intensive research. Thus, the MGMT gene was found to be non-inducible in human fibroblasts (32, 129) and glioma cells (130) following treatment with alkylating agents and ionizing radiation. Furthermore, there was no increase in MGMT repair activity following these treatments. This is surprising, as the human MGMT promoter contains potential transcription factor binding sites (131) that render it susceptible to induction ( Figure  2B ). The cloned MGMT promoter was shown to be strongly active following transfection in rat, mouse and human cell lines (132) . Interestingly, following transfection in rat H4IIE cells, the human MGMT promoter was expressed at a higher level if the cells were pretreated with ionizing radiation (128) , indicating the human MGMT promoter has the potential to be inducible by genotoxic stress. The endogenous gene, however, was not responding under the same treatment conditions in human cells (unpublished data).
In rodent cells, p53 appears to be required for MGMT gene induction, as p53 knockout mice did not show upregulation of MGMT following whole-body ionizing radiation (34) . Also on transfection of the human MGMT promoter in mouse fibroblasts treated with ionising radiation, p53 is required for enhanced promoter activation (35) . The role of p53 in MGMT regulation appears to be a complex matter as p53 also seems to influence the basal expression level. Thus, knockout of p53 in murine astrocytes strongly reduced the expression of MGMT (133), and, paradoxically, enforced expression of wild-type p53 in human tumour cells also reduced the transcription of the MGMT gene (35, 134) . Attention should be paid to the fact that the human MGMT promoter does not harbour a p53 consensus binding site. Thus, the negative regulation of MGMT by p53 seems to be independent of p53 binding to the promoter. A reasonable explanation was provided by studies that draw attention to the transcription factor Sp1. The promoter of MGMT is rich in Sp1-binding sites ( Figure 2B ), which have a strong impact on the basal MGMT expression level. In this study, high expression of p53 sequestered Sp1 and prevented their binding to the MGMT promoter, finally leading to a reduced expression of MGMT (135) .
Although studies on genotoxin-induced MGMT induction largely failed, evidence was provided that the MGMT expression level was increased in human HeLa S3 cells following the treatment with activators of protein kinase C such as phorbol-12-myristate-13-acetate (TPA) and 1,2-diacylglycerol. This induction was regulated via c-Fos and c-Jun mediated activation of AP-1, which binds to two AP-1 binding sites within the MGMT promoter (36) . The MGMT promoter also contains glucocorticoide responsive elements ( Figure 2B ) and was shown to be inducible by corticosteroids in rat hepatoma H4IIE cells (128) and in a human glioma cell line by treatment with dexamethasone (136) . We should note that in the glioma study with U87MG and U138MG cells, a high concentration of dexamethasone (10 mM) was applied, which is far above the physiological level. Treatment with dexamethasone at a <100 nM level did not induce MGMT in these and other glioma cells (own unpublished data). We should also note that induction of MGMT by dexamethasone was reported to occur in U87MG cells (136) , which are promoter methylated and therefore silenced for MGMT. Overall, although the MGMT promoter contains glucocorticoide responsive elements and is potentially subject to glucocorticoid regulation, convincing evidence is still lacking that glucocorticoids upregulate MGMT in gliomas and other cancers. Another transcription factor that was shown to bind to and activate the MGMT promoter is NF-kB (37) . It has yet to be proven, however, whether NF-kB regulation of MGMT is of biological importance. There are also data showing that MGMT transcription is downregulated by interferon b (IFN-b) , which causes p53 activation in human glioblastoma cells (137, 138) and by cisplatin in human gallbladder cancer cells (139) . The biological relevance of these findings is unclear.
Base excision repair (BER) BER removes single bases damaged by oxidation, methylation and other small chemical modifications from DNA. The first step in BER is executed by glycosylases, such as 8-oxoguanine-DNA glycosylase (OGG1), 3-methyladenine-DNA glycosylase (MPG) or endonuclease VIIIlike 1 (NEIL1), which remove modified purines and pyrimidines from DNA leaving apurinic/apyrimidinic sites. These sites are converted into DNA single-strand breaks, which is catalysed by the apurinic/apyrimidinic endonuclease (APE1, APEX, REF-1). During short patch BER, the remaining sugar backbone is removed by DNA polymerase b, which also inserts a new nucleotide. During long-patch BER, the flap endonuclease 1 (FEN1) stimulates strand displacement and repair synthesis via DNA polymerase b. The X-ray repair cross-complementing protein-1 (XRCC1), which interacts with DNA ligase III and polymerase b, is involved in the ligation step during short-patch BER, and the DNA ligase I (LIG1) performs the ligation step during longpatch BER ( Figure 3A) . The following BER genes have been described to be subject to transcriptional upregulation.
OGG1: Transcriptional activation of OGG1 was described for HCT116 colorectal carcinoma cells that were exposed to methyl methanesulfonate (MMS) (44) . Two inverted CCAAT motifs in the ogg1 promoter were required that were activated by the transcription factor NF-YA, finally leading to enhanced expression of the mRNA and protein. The ogg1 gene was also shown to be induced after treatment with ionizing radiation in lung tissue of mice (45) . However, this induction was only observed on mRNA, but not on protein level. NEIL1: Transcriptional induction of NEIL1 was observed on exposure to reactive oxygen species (ROS) in human HCT116 colon cancer cells, which resulted in enhanced expression of the mRNA and protein. The induction rests on the binding of the transcription factors cJun and CREB/ATF2 to two identical CRE/AP-1-binding sites in the NEIL1 promoter (43) . MPG: Induction of the rat MPG promoter was observed on transfection in H4IIE rat hepatoma cells that were exposed to the tumour promoter TPA or UV light (38) . However, induction of the endogenous mRNA or protein was not observed (128) . The human MPG promoter was cloned and shown to be regulated by Sp1 and AP-2 (140). Induction of the human mpg gene was shown following ethyl methanesulfonate (EMS) exposure in the human lymphoblastoid cell line AHH-1, but again no induction of the corresponding protein was reported (39) . APE1: Transcriptional activation of APE1 occurs in rat liver hepatoma cells (H4) upon exposure to g-rays and in CHO cells and V79 fibroblasts upon treatment with agents generating ROS such as hydrogen peroxide and sodium hypochloride. It was accompanied by enhanced expression of the APE1 protein (8, 9) . Oxidative stress-induced transcriptional activation of the human APE1 promoter transfected in CHO cells was mediated via a CREB binding site, which is recognized by c-Jun and ATF-2 (10). In human cells exposed to genotoxic stress, APE1 expression appears to be negatively regulated similar to the mechanism described earlier in the text for MGMT. Also in this case, p53 sequesters Sp1 and thus represses APE1 expression (141) . Interestingly, APE1 is expressed at a higher level in the inflammatory tissue of colon (in patients suffering from colitis ulcerosa), indicating that ROS generated during chronic inflammation upregulated the APE1 gene in vivo (142) . APE1 was also shown to be induced in neurons of rats treated with kainic acid (143) . Polb: Transcriptional upregulation of polymerase b (Polb) was shown to be stimulated in CHO cells by simple methylating agents such as N-methyl-N 0 -nitro-N-nitrosoguanidine (MNNG) and MMS (52) . Induction is mediated by the decanucleotide palindromic element GTGACGTCAC at positions À49 to À40 of the core promoter (53), which is recognized by the transcription factors CREB-1 and ATF-1 (54). However, an enhanced expression of the protein was not reported on genotoxin exposure. Other transcription factors involved in the regulation of Polb in unexposed cells are telomerase transcriptional elementinteracting factor (TFEIF) that, following ectopic expression in HeLa cells, upregulated Polb mRNA and protein (55) , and NF-kB that regulates Polb in EBV-immortalized B cells by binding to a proximal NF-kB binding site (56) . Fen1: Transcriptional upregulation of FEN1 mRNA and protein was observed in mouse embryonic fibroblasts after exposure to UV-C light, which required p53 (27) . In addition to UV-C, FEN1 expression was also induced by MMS as shown in microarray analyses of L5178Y mouse lymphoma cells (28) . In human cells, Fen1 was not induced under the same treatment conditions (our unpublished data), indicating cell type specificity of the response. XRCC1: Transcriptional activation of XRCC1 was shown following ionizing radiation and the mitogen EGF via the EGFR and MAPK pathway in DU145 prostate carcinoma cells (21, 22) . XRCC1 was also induced on MMS treatment in mouse embryonic fibroblasts, which was triggered by the transcription factor E2F1 (64) . In this case, induction of XRCC1 was observed on mRNA and protein level. LIG1: Transcriptional upregulation of the lig1 mRNA was reported in human primary fibroblasts after exposure to UV-C light, where it was associated with enhanced ligase activity (30) .
In summary, the transcription factors involved in BER gene regulation are E2F1, CREB-1, ATF-1, AP-1, p53 and NF-YA ( Figure 3B ). We should note that there is no convincing evidence that upregulation of either one of the BER genes described earlier in the text results in a higher BER capacity. BER is significantly post-translationally regulated, e.g. by ubiquitination and phosphorylation (144, 145) . It is of note that transcriptional regulation of BER genes (XRCC1 and LIG1) occurs during maturation of macrophages and dendritic cells, which impacts their response to genotoxic stress (146) .
NER
The repair of bulky DNA adducts is accomplished by the NER pathway ( Figure 4A ). In the global genomic repair sub-pathway of NER, the DNA damage binding protein 2 (DDB2, p48) forms a complex with DDB1 yielding the DNA damage recognition complex XPE, which recognizes UV-induced cyclobutan pyrimidine dimers (CPDs) and, only marginally, (6-4) photoproducts (6-4PP). A second heterodimeric recognition complex is formed by the xeroderma pigmentosum C (XPC) protein and hRad23B that recognizes mainly UV light-induced 6-4PP, but not CPDs. A third recognition complex (RPA-XPA) recognizes 6-4PP and cisplatin lesions and verifies the damage detected by XPE or XPC/HR23B. After recognizing a bulky lesion, the transcription factor TFIIH is recruited to the site of DNA damage and unwinds the DNA via its XPB and XPD subunits. The excision of the adduct-containing polynucleotide requires dual incision 5 0 and 3 0 from the adduct. The excision repair cross-complementing protein 1 (ERCC1) forms a complex with the Xeroderma pigmentosum F (XPF) protein and performs the 5 0 -incision step during NER. The 3 0 incision is mediated by Xeroderma pigmentosum G (XPG) protein. The resulting DNA gap is filled by DNA polymerase (Pol d and Pol e) and sealed by LIG1. Several of the NER components were reported to be subject to transcriptional regulation following genotoxic stress ( Figure 4B ), as outlined below.
DDB1: Transcriptional activation of DDB1 was shown to be induced by ionizing radiation in MCF10F human breast epithelial cells, leading to enhanced expression of mRNA (11) . No evidence was provided, however, for an upregulation of the protein. The underlying mechanism and responsible transcription factors remained unknown. DDB2: There are several consistent reports demonstrating that DDB2 is induced after exposure of human cells to UV-C light and ionizing radiation. The induction is mediated by p53 (12,13) and TAp63g (14) . Beside p53, BRCA1 can also transcriptionally activate DDB2 (15, 16) . DDB2 expression was also reported to be enhanced after exposure to adriamycin (doxorubicin) and cisplatin in HCT116 and H460 cells (16) , on benzo(a)pyrene in HepG2 and MCF-7 cells (17,18) and on the chloroethylating anticancer drugs carmustine and nimustine in glioblastoma cells (19) . Recently, we showed that DDB2 is upregulated in metastatic melanoma cells following treatment with the chloroethylating anticancer drug fotemustine. Upregulation was p53 dependent. It occurred on mRNA and protein level, enhanced crosslink repair and conferred killing protection, demonstrating acquired drug resistance of cancer cells by upregulation of NER (20) . In mouse fibroblasts, DDB2 is non-inducible owing to alteration of the p53 binding site in the DDB2 promoter (13) . The lack of upregulation of DDB2 in mouse cells is supposed to be a reason for their low NER capacity. DDB2 is presumably the best example of a genotoxic stress-inducible DNA repair gene (12) (13) (14) (15) (16) (17) (18) (19) that gives rise to an adaptive response (20) . XPC: Transcriptional activation of xpc was observed following UV-C treatment, which was reported to require p53 in human WI38 fibroblasts and HCT116 colorectal cancer cells (65) , TAp63g in Saos-2 cells (14) and BRCA1 in U2OS osteosarcoma cells (15) . XPC expression was also induced after ionizing radiation in human lymphoblastoid cells (66) , after UV-C, ionizing radiation and MMS in peripheral blood lymphocytes and different tumour cell lines (67) , and after benzo[a]pyrene diol epoxide (BPDE) treatment in human mammary epithelial (68) and MCF-7 cells (69) . Similar to DDB2, XPC was upregulated in glioblastoma cells following carmustine and nimustine treatment (19) and in metastatic melanoma cells after fotemustine treatment (20) . The response was p53 dependent and a long lasting (up to 4 days following a single treatment) and was related to acquired drug resistance of the cancer cells (20) . ERCC1: Transcriptional activation of ercc1 was observed using real-time PCR on treatment with arsenic compounds in liver (23) and after treatment with ionizing radiation in murine lung (45) . In human prostate cancer cells, ERCC1 expression was induced by ionizing radiation via the EGFR and MAPK pathway (21, 22) . ERCC1 expression was also found to be upregulated in NIH3T3 cells, which was triggered by activated c-Ha-RAS and AP-1 (24) . In human ovarian cancer cells, ERCC1 was induced by cisplatin and phorbol ester treatment via AP-1 (25, 26) , and this induction was blocked by interleukin-1a (147) . ERCC1 binds to XPF and stabilizes the protein. Therefore, increase of ERCC1 protein might also have an indirect effect on the XPF level. XPF/XPG: Transcriptional activation of XPF was reported for MCF10F human breast epithelial cells by ionizing radiation (11) . In murine and human fibroblasts, XPF and XPG were induced on UV-C treatment. The transcription factors responsible were c-Fos/AP-1 (70, 71) . Enhanced expression of XPG mRNA was detected on exposure of Cockayne syndrome cells to interferon b (148). In human bronchial epithelial cells, the XPG expression was reported to be regulated by the transcription factors CEBPG and E2F1/YY1 (149) . A concerted upregulation of NER proteins has been shown in human bronchial epithelial cells following exposure to B[a]P. In this case, the level of XPA, XPC, XPF, XPG and ERCC1 protein was concomitantly upregulated (72) .
Mismatch repair
Mismatch repair (MMR) is initiated following recognition of the mismatch by the dimeric MutSa complex, composed of MSH2 and MSH6. MutSa is responsible for the detection and repair of single base mismatches and small insertion/deletion mismatches generated during replication. MSH2 can also form a complex with MSH3, designated as MutSb, which is only capable of binding to insertion/deletion mismatches, but not basebase mismatches. On binding to the mismatch, MutSa interacts with the MutLa complex, formed by the MutL homologous protein 1 (MLH1) and PMS2, which exerts ATPase and endonuclease activity and mediates together with the exonuclease I (Exo1) the removal of the DNA strand carrying the mispaired base.
MSH2: The msh2 promoter was reported to be activated upon UV-B exposure in a p53 and c-Jun-dependent manner in Saos-2 and HaCat cells (41) . Different potential p53 binding sites were identified in the human msh2 promoter in Saos-2 (150) and A2780 ovarian cancer cells (151) . All these reports rest on experiments performed using MSH2 promoter constructs, whereas induction of the endogenous mRNA and protein was not shown. Beside p53, AP-1 is also involved in the regulation of msh2 gene expression. However, this regulation appears to be independent of genotoxic stress. Thus, in myeloid leukemic U937 cells, the expression of MSH2 protein was increased on treatment with TPA, which occurred via protein kinase C activation (42) . Mutation of the AP-1 binding sites in the msh2 promoter or expression of dominant negative c-Jun abrogated the TPA-triggered induction of MSH2 (152) . In our studies, we did not observe upregulation of the endogenous msh2 gene following mutagenic treatment (unpublished data), and, to our knowledge, there is no report showing convincingly that MSH2 is transcriptionally upregulated by genotoxic stress. This provides a good example that experiments with the cloned promoter should be complemented with analysis of the endogenous gene. Upon MNNG exposure, phosphorylation and nuclear translocation of MSH2 and MSH6 was observed (153, 154) indicating post-translational mechanisms involved in regulation of MMR. MLH1/PMS2: Using a screening approach of serial analysis of binding elements, PMS2 and MLH1 have been shown to be under p53 control. In contrast to MSH2, induction of the endogenous mRNA and protein of MLH1 and PMS2 was observed. Both genes were rapidly induced upon cisplatin treatment in human fibroblasts (40) . Whether upregulation of these MMR genes following genotoxic stress ameliorates the cells MMR capacity remains to be seen.
Translesion synthesis
Translesion synthesis represents a DNA repair mechanism associated with bypassing and tolerating replication blocking lesions. The mechanism rests on specialized DNA polymerases, which bypass replication blocking lesions in an error-free or error-prone way. PolH: For DNA polymerase eta (PolH), p53 mediated induction has been reported following ionizing radiation and camptothecin, but not UV-C treatment in human cell lines on mRNA and protein level (57) . PolI: Polymerase iota (PolI) was found to be upregulated on protein level in breast cancer cells after treatment with UV-C light (50) . PolI was also shown to be upregulated following MNNG treatment in human amnion follicular lymphoma (FL) cells (51) . PolK: Polymerase kappa (PolK) was found to be upregulated on mRNA level in human amnion FL cells on exposure to BPDE and analysis of the PolK promoter suggests the transcription factor HSF1 to be involved (58) . PolZ: In promoter studies, polymerase zeta (PolZ) subunit REV3 was activated upon transfection into human cells treated with MNNG (59, 60) . The promoter region responsible for this induction (À404 to À102) contains binding sites for CREB, NF-kB and AP-2. Whether induction of translesion polymerases confers genotoxin resistance or impacts the mutation rate of cells is unknown.
Miscellaneous DNA repair genes Several DNA repair associated genes were reported to be subject to genotoxin-induced transcriptional regulation. KARP1: Ku86 autoantigen-related protein-1 (KARP-1) has been shown to work as a heterodimer with Ku70. Although supporting DNA binding of Ku70, it cannot completely replace Ku80 in DSB repair (155) . On treatment with ionizing radiation, UV-C, etoposide and MMS, KARP1 was shown to be p53-dependently upregulated in HCT116 cells (29) . PCNA: PCNA plays an important role in regulating various DNA metabolic functions. At the transcriptional level, PCNA gets activated by ionizing radiation in human lung epithelial cells (46) and human fibroblasts (47) . In both cases, induction is triggered by p53, which activates the PCNA promoter (48) . Contrary to ionizing radiation, UV light upregulates PCNA in human fibroblasts in a p53-independent manner (49) . The rat promoter of PCNA was shown to be inducible following UV exposure via AP-1 (156) . The biological consequences of PCNA upregulation have not yet been addressed. TREX1: The three prime exonuclease 1 (TREX1) is a 3 0 -5 0 exonuclease that catalyzes the excision of nucleoside monophosphates from the 3 0 termini of DNA (157) . TREX1 prefers a partial duplex DNA with multiple mispaired 3 0 termini (158). The exact role of TREX1 in DNA repair is still unclear. Induction of TREX1 was reported in mouse and human fibroblasts on exposure to UV-C and BPDE, which is a result of promoter activation involving c-Fos/AP-1 (61, 62) . In addition, TREX1 was found to be induced in murine macrophages on IFN-g treatment via c-Jun/AP-1 (159) . Induction was also reported in nasopharyngeal carcinoma KB cells by the anticancer drug camptothecin (63) , in glioma cells by nimustine and topotecan and in malignant melanoma cells by fotemustine (62) . Knockdown of TREX1 gave rise to sensitization of cells to UV light and alkylating agents (62) . Therefore, it is reasonable to suppose that induction of TREX1 is part of the cellular defense against genotoxins.
Coordinated induction of repair genes?
As can be seen from Table 1 , the genotoxic stress-inducible transcription factors AP-1 and p53 appear to be the most important players involved in the transcriptional activation of DNA repair genes. According to available data, AP-1 appears to regulate 9 of 25 DNA repair genes (listed in Table 1 ) (apex1, ercc1, mgmt, msh2, neil1, pcna, trex1, xpf and xpc) and p53 regulates 10 of 25 DNA repair genes (ddb2, fen1, karp1, mgmt, mlh1, msh2, pcna, pms2, polh and xpc). As genotoxic stress induces both AP-1 and p53, multiple DNA repair genes may be upregulated by the same type of DNA damage that finally ameliorates the DNA repair capacity of a cell. This is most obvious in the case of UV light, which predominantly induces genes involved in NER. Thus, following UV exposure six members of NER are induced: ddb2 and xpc via p53, ercc1, xpf and xpg via AP-1, and ligI for which the transcription factor is unknown. The combined activation of these genes leads to enhanced DNA repair, reduced cytotoxicity and, following repeated treatments, provokes an adaptive response at the cellular level (71) .
Most studies focused on a single gene and, therefore, it is not clear whether all repair genes or a subgroup of them can be upregulated at the same time following genotoxic stress. As a matter of fact, simultaneous induction of all p53/AP-1 regulated repair genes has not been described in the literature. In array studies, we observed upregulation of individual genes, but not all of them which are listed in Table 1 at the same time (unpublished data). There could be several reasons: (i) Cancer cell lines are widely used in these studies. Most cancer lines harbour alterations in the p53 and/or MAPK/AP-1 pathway, which may abrogate the induction of subsets of DNA repair genes. (ii) Depending on the genotoxic insult, activation of p53 and AP-1 occurs at different time points. For example, ionizing radiation directly induces DSB and immediately activates DDR, but most chemical agents induce lesions that must be converted into secondary lesions (e.g. AP sites, DSB) to activate the DDR. (iii) Although activation of p53 is mainly dependent on phosphorylation, activation of AP-1 requires synthesis of transcription factors like cFos, FosB, c-Jun, JunB, Fra1-2 or ATF1, which involves complex pathways. It is conceivable that these pathways are activated only by some genotoxins. (iv) Most genotoxins inhibit transcription, notably at high dose levels. At low doses, the DNA damage level might not be high enough to activate DDR, and at high doses, transcriptional inhibition provoked by DNA adducts nullifies the effect of gene activation. Therefore, DNA repair gene induction can only be seen at moderate genotoxin dose levels. Given the time course of activation of repair genes (immediate early versus late response genes), it is obvious that extensive background experiments as to dose and exposure time are required to uncover repair gene induction following genotoxic exposures.
Epigenetic changes, Sp1 and HIF-1
Besides promoter activation by transcription factors, an alternative process to achieve upregulation of DNA repair genes rests on de-repression of a silenced promoter. Silencing may occur by promoter hypermethylation or by proteins acting as a repressor. An example for epigenetic silencing of repair genes is given by MGMT (126) .
Silencing of MGMT appears to be a rather stable trait (160) , and reactivation of the hypermethylated MGMT promoter has not been achieved after single treatment with a DNA damaging agent. Therefore, it is reasonable to conclude that epigenetic silencing prevents genotoxic stress-induced repair gene induction. MGMT, once activated, is also an example of strong basal regulation. Key factor is Sp1, which can be sequestered by p53, thus reducing MGMT basal expression (135) . This pertains to other Sp1-regulated repair genes as well. Thus, the RECQ4 helicase is negatively regulated by p53, which relates to a lower amount of Sp1 that binds to the promoter (161) . Other DNA repair genes regulated by Sp1 are MSH2 (162), MSH6 (163), EXO1 (164), APE1 (165) , XPB (166), DDB1 and DDB2 (167) .
Repression of DNA repair genes can also result from stress that impacts the cellular ROS level. As an example, MLH1 is transcriptionally repressed by hypoxia, which regulates HIF-1 (168, 169) , whereas ABH5, CSB and XPA are positively regulated by HIF-1 (170) (171) (172) . Striking examples of an interaction between Sp1 and HIF-1 are given by MMR and NER. In case of MMR, the MSH2 promoter is targeted by Sp1, which functions as a molecular switch. Under normoxic conditions, Sp1 recruits c-Myc, which acts as transcriptional stimulator, whereas under hypoxia, c-Myc is replaced by HIF-1, which acts as a repressor of MSH2 (162) . For NER, it was shown that under normal conditions, nonphosphorylated HIF-1 binds to the hypoxia response element in the promoter of XPC. As this site overlaps with the SP1-binding site, binding of Sp1 and thereby expression of XPC is reduced. On UV-B exposure, HIF-1 becomes degraded and SP1 can again bind to the promoter, which leads to an increase of XPC expression (173) . HIF-1 can also become phosphorylated by MAP kinase (174) , which further enhances XPC expression.
Repair gene induction contributes to homeostatic repair regulation in genotoxin stressed cells Compared with bacteria, in which the induction of DNA repair genes such as ada is $1000-fold following MNNG exposure (3), the induction of DNA repair genes in mammalian cells is rather low (e.g. for MGMT up to 15-fold in rat liver, which is a comparatively high level; in rat hepatoma cells in vitro 2-4-fold) (33) . This, however, does not necessarily mean that the biological significance is negligible. One should keep in mind that mammalian cells express DNA repair genes at detectable basal level and that even slight upregulation may significantly ameliorate repair capacity. Thus, a 2-fold increase in the basal expression of MGMT in a human hepatocyte, which already expresses 100 000 molecules, will significantly increase the capacity of the liver for removing mutagenic and toxic O 6 -alkylguanine adducts from DNA. It should also be recalled that genotoxins induce a broad spectrum of lesions, many of which block transcription. Therefore, an adverse side effect of genotoxin exposure is downregulation of DNA repair itself. To counteract genotoxin-triggered transcriptional inhibition, cells are equipped with maintenance functions. An example is provided by UV light and bulky DNA damage-generating agents that induce c-Fos as immediate-early and late response (71) following treatment. This induction of c-Fos/AP-1 is important for cell cycle and repair regulation following DNA damage, as shown in experiments with c-Fos-lacking cells. c-fos knockout and knockdown cells are hypersensitive to UV light and chemical genotoxins. Cells show a higher than normal DNA adduct level and enhanced replication and transcription blockage (70, 175, 176) . Repair of DNA adducts is slow in c-Fos-lacking cells because of a decline in shortlived mRNAs of genes encoding NER proteins, notably XPF and XPG ( Figure 5A ). These mRNAs are declining due to the UV-induced block to transcription. In normal cells, c-Fos is induced immediately after UV irradiation, which triggers xpf and xpg resynthesis and stimulates NER (70, 71) . Therefore, the genotoxin-triggered c-Fos response counteracts genotoxin-induced downregulation of these NER genes ( Figure 5A ). Of note, XPF and XPG triggered by c-Fos/AP-1 are only slightly upregulated above the basal level after UV treatment ($2-fold). Nevertheless, the stimulation of the xpf and xpg promoter following genotoxic stress is important, as it maintains the NER capacity of the cell following genotoxic stress, resulting in better removal of CPD lesions and survival. This type of induction might be designated as homeostatic or maintenance regulation ( Figure 5B ). It might be generally important for repair proteins whose expression above a critical level is deleterious, which seems to be the case for endonucleases like XPF and XPG, and DNA glycosylases like MPG (177) .
Studies with c-Fos deficient cells also provided insight into the interplay between AP-1, repair gene induction and cell death pathways. In c-Fos-lacking cells, impaired NER gives rise to sustained transcription blockage, which results in a decline in the expression of genes like MAPK-phosphatase 1 (MKP-1) (178, 179) . MPK-1 is responsible for dephosphorylation of c-Jun, which, similar to c-Fos, becomes activated following genotoxic stress. the Fas receptor pathway (179) . This was taken to explain why cells impaired in homeostatic repair gene regulation are vulnerable and destined to die following genotoxic stress.
Transient versus sustained upregulation of repair genes
As outlined in Figure 5B , DNA repair genes may be expressed at basal (non-inducible) level or display short and transient induction, maintenance induction (hardly exceeding the control level) or sustained upregulation. An example for sustained upregulation is provided by DDB2 and XPC, which are upregulated in melanoma cells following a single dose of the crosslink inducing anticancer drug fotemustine for up to 1 week. This longlasting upregulation is triggered by p53, which is stabilized during this long post-exposure period (20) . The mechanism behind is not yet clear. It is conceivable that some DNA adducts are highly persistent and signal long-term DDR. This model is supported by the finding that cisplatin triggers sustained upregulation of MAP kinase and c-Jun (180), which upregulates both DNA repair and cell death functions. In addition, sustained upregulation of MAP kinases and JNK activation was also observed upon UV-exposure in c-Fos-deficient cells that showed abrogation of NER and consequently persisting DNA damage (179) . The decision between transient versus sustained regulation of DNA repair genes appears to be cell-type specific. Thus, c-Fos activation in normal mouse fibroblasts following UV-exposure is part of an immediate early response, whereas its induction in human fibroblasts occurs in a biphasic manner (181) , and only the late and sustained expression of c-Fos mRNA is translated into XPF and XPG protein accumulation (71).
Induction of DNA repair genes and adaptive response
The definition of adaptive response, in the narrow sense, rests on the finding that exposure of cells to a low priming/ conditioning dose of a genotoxin leads to their enhanced protection against a subsequent higher (challenge) dose of the same genotoxin. In a broader sense, the genotoxic adaptive response is characterized by protection of pretreated cells against a wide range of genotoxicants. The adaptive response was first observed in E. coli that were continuously grown in medium containing the methylating agent MNNG. Following exposure, the mutation and killing frequency declined, which was shown to be a result of induction of repair genes that are controlled by Ada (3, 4) . Genotoxin-induced adaptive responses resulting from upregulation of DNA repair functions have also been observed in mammalian cells. MGMT upregulation following methylation in rat hepatoma H4IIE cells caused reduction in HPRT mutation frequency induced by a challenge dose of MNNG (32) . As aforementioned, an intriguing question that still awaits resolution is whether MGMT is subject to upregulation in humans exposed to genotoxic stress, causing adaptation to O 6 -alkylating agents. For tobacco smoke and MGMT, the issue has been discussed recently; the data are controversial (127) . During chemotherapy of gliomas, MGMT levels were found to increase stepwise during therapy (182, 183) , which likely renders the tumour resistant to O 6 -alkylating drugs (184, 185) . It is unclear whether this increase is a consequence of upregulation of MGMT on gene or post-transcriptional level [e.g. by miRNA regulation (186) ], or merely a therapy-related selection of preexisting tumour cells expressing high MGMT.
Besides MGMT, the most intensively studied example of adaptation is the radiation-induced adaptive response (187) where exposure to low doses of ionizing radiation result in a decreased amount of chromosomal aberrations induced by a subsequent challenge dose. This was shown for human lymphocytes (188, 189) , lymphoblastoid cells (190) and hepatoma cell lines (191) in a mechanism requiring protein de novo synthesis (192) . It was also shown that the radiation-induced adaptive response involves the induction of repair mechanisms (193) . Thus, low-ionizing radiation doses stimulate the repair of chromosomal breaks in human skin fibroblasts (194) . More recently, it was reported that ionizing radiation doses >100 mGy increase the NHEJ efficiency in mouse embryonic fibroblasts and human cancer cells (195) . As outlined earlier in the text, several DNA repair genes have been reported to be upregulated following ionizing radiation (Table 1) ; however, convincing evidence that this results in killing or mutagenic adaptation is still lacking.
An adaptive response was also observed following treatment with bleomycin, mitomycin C (196) and ENU (197) . Whether this rests on upregulation of DNA repair has not been shown convincingly. For UV-C light, an adaptive response has been demonstrated in human fibroblasts that resulted from amelioration of NER (198) . Recent data showed that increase in NER activity following UV-C is the result of transcriptional upregulation of the NER genes XPF and XPG, which was triggered by the MAPK/AP-1 pathway and resulted in protection from cell death of a subsequently applied UV-C dose (71) ( Figure 5A ). Likewise, sustained upregulation of DDB2/ XPC (triggered by p53) in malignant melanoma cells resulted in a lower killing response of a subsequent dose of fotemustine (20) . Whether upregulation of XPF/XPG and DDB2/XPC is a general response provoked by genotoxins, which causes adaptation and occurs in human tissues in vivo is a challenging question that needs to be answered in the future.
CONCLUSIONS
DNA is so precious and fragile and under constant threat by genotoxins that it requires continuous proof-reading and repair. Most of the DNA repair mechanisms are constitutively expressed. Some of them, however, are subject to upregulation following genotoxic stress, which was shown for experimental mutagens, environmental carcinogens and anticancer drugs. A couple of DNA repair genes were reported to be inducible on mutagen treatment, but only for few of them the data are solid, reproducible and pertain to both rodent and human cell systems. Some genes are induced above the normal level (2-15-fold in mammalian systems), others are transcriptionally stimulated to compensate transcription inhibition and to maintain the basal expression level, which is in balance with other repair factors in complex repair pathways (here defined as maintenance or homeostatic regulation). For many repair genes, data are conflicting. The only DNA repair mechanism for which robust data for human cells exist is NER, where induction of ddb2, xpc, xpf and xpg gives rise to an increase in NER activity and adaptive response. Transcriptional activation of the NER system is of high biological relevance, as most environmental and man-made carcinogens induce DNA damage that is repaired by NER. For MGMT, data in rodent cells are robust while induction and adaptive response in human cells still awaits conclusive proof. The highly important question of an adaptive response in cancer prevention clearly warrants more intensive exploration. The same is true for upregulation of DNA repair genes during cancer therapy. It is conceivable that chronic or even single dose treatment of patients upregulates NER in cancer cells, which thereby acquire drug resistance as recently shown with glioma and malignant melanoma cells in vitro. Induced DNA repair is a key response following environmental and man-made carcinogens. It is reasonable to posit that upregulation of DNA repair by natural compounds and lifestyle drugs may enhance the cellular repair capacity and thus ameliorate protection against carcinogenic exposures through ionizing radiation, sun light and chemical genotoxicants. This highly important issue needs more intense exploration.
